
Articledoi:10.1006/geno.2001.6683, available online at http://www.idealibrary.com on IDEAL

INTRODUCTION

Gene Expression Profile of Human Bone Marrow 
Stromal Cells: High-Throughput Expressed Sequence 

Tag Sequencing Analysis
Libin Jia,1 Marian F. Young,2 John Powell,3 Liming Yang,3 Nicola C. Ho,4 Robert Hotchkiss,5

Pamela Gehron Robey,2 and Clair A. Francomano4,*

1Medical Genetics Branch, National Human Genome Research Institute, National Institutes of Health, Bethesda, Maryland 20892, USA
2Craniofacial and Skeletal Diseases Branch, National Institute of Dental and Craniofacial Research, National Institutes of Health, Bethesda, Maryland 20892, USA

3Bioinformatics and Molecular Analysis Section, Center for Information Technology, National Institutes of Health, Bethesda, Maryland 20892, USA
4Laboratory of Genetics, National Institute of Aging, National Institutes of Health, Baltimore, Maryland 21224, USA

5Hospital for Special Surgery, New York, New York 10021, USA

*To whom correspondence and reprint requests should be addressed. Fax: (301) 558-8087. E-mail: francomanocl@grc.nia.nih.gov.

Human bone marrow stromal cells (HBMSC) are pluripotent cells with the potential to dif-
ferentiate into osteoblasts, chondrocytes, myelosupportive stroma, and marrow adipocytes.
We used high-throughput DNA sequencing analysis to generate 4258 single-pass sequenc-
ing reactions (known as expressed sequence tags, or ESTs) obtained from the 59 (97) and 39

(4161) ends of human cDNA clones from a HBMSC cDNA library. Our goal was to obtain tag
sequences from the maximum number of possible genes and to deposit them in the publicly
accessible database for ESTs (dbEST of the National Center for Biotechnology Information).
Comparisons of our EST sequencing data with nonredundant human mRNA and protein
databases showed that the ESTs represent 1860 gene clusters. The EST sequencing data analy-
sis showed 60 novel genes found only in this cDNA library after BLAST analysis against 3.0
million ESTs in NCBI’s dbEST database. The BLAST search also showed the identified ESTs
that have close homology to known genes, which suggests that these may be newly recog-
nized members of known gene families. The gene expression profile of this cell type is
revealed by analyzing both the frequency with which a message is encountered and the func-
tional categorization of expressed sequences. Comparing an EST sequence with the human
genomic sequence database enables assignment of an EST to a specific chromosomal region
(a process called digital gene localization) and often enables immediate partial determina-
tion of intron/exon boundaries within the genomic structure. It is expected that high-through-
put EST sequencing and data mining analysis will greatly promote our understanding of gene
expression in these cells and of growth and development of the skeleton.
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them potentially useful for cell and gene therapy [2–4]. After
extensive proliferation in vitro, the HBMSC population
Human bone narrow stromal cells (HBMSC) are non-
hematopoietic cells residing in the marrow cavity. They have
many characteristics of stem cells for tissues that can roughly
be defined as mesenchymal, because they can differentiate
into osteoblasts, chondrocytes, myelosupportive stroma,
adipocytes, and even myoblasts [1]. Therefore, bone marrow
stromal cells present an intriguing model for examining the
differentiation of stem cells. Also, several characteristics make
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includes precursor cells for at least four types of connective
tissue: bone, cartilage, hematopoiesis-supporting stroma, and
associated adipocytes [5–8]. When single bone marrow 
stromal cells develop into individual HBMSC colonies, they
show different morphologies and rates of proliferation.
HBMSC strains derived from individual colonies also vary
widely in their ability to form bone and the hematopoietic
microenvironment after in vivo transplantation [9]. Despite
efforts to understand the biology of HBMSC through studies
rved.
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FIG. 1. Evaluation of the HBMSC cDNA library. Parameters 1–4 indicate EST
at different levels, the study of genes and proteins important
to the biological phenotypes of HBMSC is still in its infancy.
Well-known exceptions include STRO1 [10,11], THY1
[12,13], and SCA1 [14]. Determining the genetic expression
profile of this specific cell type is key to rapid advances in
understanding skeletal growth and development. The abil-
ity to peer into HBMSC and read their molecular signature
will enable us to identify more precisely differences in gene
expression that make a specific derivative cell type unique.
It should also uncover specific and sensitive molecular
markers for bone tissue growth and development.

In 1997, The National Human Genome Research Institute
(NHGRI) and National Institute of Dental and Craniofacial
Research, along with other institutes (Center for Information
Technology, National Cancer Institute (NCI), and National
Center for Biotechnology Information (NCBI)) at the National
Institutes of Health (NIH), and the Hospital for Special
Surgery in New York City launched the Human Skeletal
Genome Anatomy Project (SGAP) [15]. The overall goal of
SGAP is comprehensive molecular characterization of skele-
tal-related cells and tissues. SGAP is a resource for scientists
interested in normal and abnormal skeletal growth and
development and was developed in parallel to CGAP, the
Cancer Genome Anatomy Project, directed by the NCI [16].
SGAP will include a catalog of genes expressed in bone and
cartilage as well as a tissue bank of normal and abnormal
bone and cartilage, tendon, ligament, and synovium. It is
intended that genes included in SGAP will be those neces-
sary for general bone growth and development, mutations of
which result in the skeletal dysplasias and related mono-
geneic and complex disorders of skeletal growth and devel-
opment. Establishment of an index of genes expressed in
skeletal cells (skeletal gene index) is an essential step in sup-
port of the goal of a complete molecular analysis of bone cells
[17].

sequencing numbers for obtaining high-quality reads. Parameters 5–7 indicate
background EST sequences. Parameter 8 indicates the number of final usable
EST sequences.
Copyrig
8

An initial goal of SGAP is to characterize gene expres-
sion patterns of specific cell types. Here, we report the
results of large-scale, high-throughput sequencing of
expressed sequence tags (ESTs) derived from HBMSC.

Large-scale, single-pass sequencing of cDNA clones ran-
domly picked from libraries has proven to be a powerful
approach to discovering genes and novel members of gene
families as well as an expressed gene profile [18–26]. The
NCBI EST database (dbEST) has become one of the fastest
growing segments of the public DNA databases [27]. ESTs
are DNA sequences read from one or both ends of
expressed gene fragments. The Merck-Washington
University EST Project [28] and several other public EST
projects are rapidly discovering the complement of human
genes and making them easily accessible. Although incom-
plete and not error-free, ESTs remain an effective means for
novel gene discovery and generating biologically informa-
tive probes for mapping genes to chromosomes as
sequence-tagged sites (STSs), for identifying mutations
leading to heritable diseases, and for full-length cDNA
cloning [21,26]. The advantages of this approach are as fol-
lows: (1) it can be pursued as a relatively inexpensive and
rapid way to access many of the expressed genes of a cell
or tissue type [29,30]; and (2) with the advent of high-
throughput sequencing technology and an increased inter-
est in genome-wide studies, it became clear that ESTs could
be generated in sufficient numbers to provide a rapid means
of gene discovery [28,31], especially for those searching for
human disease genes or constructing physical maps of the
human genome [32].

Based on the feasibility of EST analysis for gene discov-
ery and pattern configuration in other cell types or organisms
[31], we undertook a larger-scale EST project to sequence ran-
domly isolated cDNAs from a HBMSC cDNA library. The

FIG. 2. Sequence clusters in HBMSC cDNA library ESTs. The set of 1860 appar-
ently nonrepetitive ESTs (Fig. 1) were subjected to sequence neighboring, and
overlapping sequences were grouped into clusters. The number of unique clus-
ters is indicated as a function of the number of ESTs in each cluster. Thus, 1352
clusters contain only a single EST, whereas 508 clusters contain two or more ESTs.
GENOMICS Vol. 79, Number 1, January 2002
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analysis results from 4258 cDNA sequences demonstrate that Novel Gene Discovery

large-scale, high-throughput EST sequencing and data analy-
sis are powerful means for identifying novel genes and an
expression profile as well as for mapping genes expressed in
this cell type.

RESULTS

The analysis presented here was performed on 4258 ESTs
generated from the 4258 clones sequenced as of July 1, 1999.
We obtained all the sequences from oligo(dT)-primed direc-
tionally cloned cDNAs.

General Analysis of HBMSC cDNA Library
We obtained single-pass sequences from randomly selected
clones from the HBMSC cDNA library. So far, 5823 ESTs have
been sequenced from this library. To assess the various types of
background in the library, we compared the 5823 ESTs
sequenced at the NIH Intramural Sequencing Center (NISC) and
at the Washington University with cloning vector, human or
mouse mitochondria, bacterial (Escherichia coli genomic), human
or mouse ribosomal, Alu, and other repeats. The results of these
analyses are summarized in Fig. 1. In general, the relative rep-
resentation of background sequences in this cDNA library is low
(< 2% for each type of contamination: human mitochondrial,
bacterial, and vector). No ribosomal DNA or mouse mitochon-
drial DNA was found. However, 1.6% of the clones did not have
an insert. Although this is higher than is usually found among
libraries constructed by Stratagene, we considered this cDNA
library as acceptable for doing high-throughput sequencing
analysis. The identified background sequences were separated
from our collection, resulting in a final set of 4258 ESTs and an
overall successful sequencing rate of 74%. These ESTs have been
deposited in NCBI dbEST and are listed on the Web
(http://www.ncbi.nlm.nih.gov/UniGene/lib.cgi?ORG=Hs&LI
D=574).

Sequence Redundancy
To assess the complexity and depth of the direct selection
cDNA library, we performed a sequence neighboring analy-
sis on the set of 4258 ESTs from HBMSC. This analysis entails
comparing each EST with all others in a pairwise fashion,
allowing the sequences to be grouped into clusters [32]. There
are a total of 1860 gene sets (Fig. 2). Among them, 1352 ESTs
were only found once; that is, a similar sequence was not
encountered in our collection. The remaining clones identified
one or more sequence neighbors. These sequences formed
508 clusters, with most containing two or three overlapping
sequences. Thus, the ESTs reported here form a nonredun-
dant gene set of 1860 sequence clusters. Most sequences
occurred only once; 73% were singletons. Highly redundant
sequences, those occurring more than five times, made up 
~ 6% of all successful reads. In total, 1860 unique sequences
were identified by combining all singletons plus the number
of distinct clusters with two or more members.
GENOMICS Vol. 79, Number 1, January 2002
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One of the major goals for high-throughput EST sequencing is
gene discovery. Identification of novel genes (genes that are
uniquely expressed in this cell type) is of considerable interest,
both in biological terms and as potential targets for drug or vac-
cine design. We submitted single-pass sequencing from the 59
(97 clones) or the 39 (4161 clones) end of 4258 independent PCR-
amplified cDNAs from the HBMSC cDNA library to the NCBI
GenBank (dbEST). The average length of the high-quality
sequences was 468 bp, sufficient to allow robust sequence
homology searches. We used these ESTs to search against the
nonredundant GenBank (nucleic acid and protein database)
and dbEST database of NCBI using BLAST with various search
parameters to create listings of novel genes. BLAST homology
searches against NCBI’s dbEST database and nonredundancy
GenBank were performed. We considered an EST (as a gene
transcript) novel if there was no hit for the BLAST search for this
particular EST. A hit was defined with a sliding identity match
percentage cut-off of 96% over a 100-bp window, or of 98% for
a > 50-bp window. Table 1 shows that, among the 4258 ESTs,
about 60 novel ESTs are found only in this library. The ratio for
novel ESTs is about 1.4%. Because most of the HBMSC ESTs
were sequenced from the 39 end, we also searched the poly(A)
site, AAATAA (the reverse sequence is TTTATT) or AAATTA
(the reverse sequence is TTTAAT), for these novel ESTs. Table
1 lists the novel ESTs found only in this HBMSC cDNA library.

HBMSC Gene Expression Profile
To obtain the gene expression pattern and enhance the bio-
logical value of the data, we analyzed the BLAST results using
various match stringencies to create listings of putative genes.
ESTs were clustered by sequence similarity to reveal the num-
ber of times a given sequence was encountered. Table 2 lists
the 30 most abundant genes expressed in HBMSC. The major-
ity of the 30 most abundant sequences are previously identi-
fied genes that encode a variety of cellular matrix or secretory
proteins. The most frequently expressed gene encoded
fibronectin (188 times, 4.65%), followed by those encoding
type I collagen, a2 (90 times, 2.23%); type I collagen, a1 (82
times, 2.03%); osteonectin (78 times, 1.93%); eukaryotic trans-
lation elongation factor 1, a1 (74 times, 1.83%); g1-actin (71
times, 1.76%); b-actin (66 times, 1.63%); transgelin (44 times,
1.09%), ferritin, heavy chain (42 times, 1.04%); and annexin II
(41 times, 1.02%). Other highly expressed genes (over 0.5% of
total mRNA) encoded connective tissue growth factor (31
times, 0.77%); transforming growth factor, b-induced, 68 kD
(31 times, 0.77%); human normal keratinocyte subtraction
library mRNA, clone H22a (29 times, 0.72%); vimentin (28
times, 0.69%); tubulin-a (27 times, 0.67%); human aortic-type
smooth muscle a-actin (27 times, 0.67%); insulin-like growth
factor-binding protein 4 (25 times, 0.62%); and plasminogen
activator inhibitor, type 1 (24 times, 0.59%). Their relative
abundance suggests that they encode proteins with important
roles in the biology of HBMSC. Indeed, recent studies of
osteonectin-null mice show they have decreased bone for-
mation and decreased osteoblast and osteoclast surface and
erved.
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TABLE 1: Novel ESTs found in HBMSC cDNA library

Clone Hs.ID GenBank ID EST read Seq. read PolyA_Sig PolyA_Seq (-)
number length (bp) direction position

1 Hs.112513 AA599376 409 3’ 16 - 21 TTTATT 
2 Hs.112525 AA600076 406 3’ 26 - 31 TTTAAT
3 Hs.112532 AA600238 465 3’ 19 - 24 TTTATT
4 Hs.116692 AA669885 412 3’ 17 - 22 TTTATT
5 Hs.135191 AA600037 218 3’
6 Hs.139876 AA599924 419 3’ 1 - 6 TTTATT
7 Hs.126709 AA703947 490 3’
8 Hs.140044 AA666148 289 3’ 20 - 25 TTTAAT
9 Hs.146299 AA545764 479 5’
10 Hs.162615 AA600059 423 3’ 1 - 6 TTTATT
11 Hs.169522 AA669780 249 3’ 20 - 25 TTTATT
12 Hs.188120 AA626922 230 3’
13 Hs.193157 AA669940 408 3’
14 Hs.203741 AA664436 446 3’
15 Hs.204460 AI753538 494 3’ 482 - 487 ATTAAA (+)
16 Hs.204584 AI754246 410 3’
17 Hs.204585 AI754827 509 3’ 45 - 50 TTTATT
18 Hs.205786 AI754862 503 3’ 50 - 55 TTTAAT
19 Hs.205787 AI754897 119 3’
20 Hs.204747 AI753729 391 3’ 355 - 360 AATAAA(+)
21 Hs.204748 AI753988 461 3’
22 Hs.204750 AI754625 379 3’ 33 - 38 TTTAAT
23 Hs.204930 AI752834 372 3’
24 Hs.204931 AI754059 510 3’ 33 - 38 TTTATT
25 Hs.205427 AI753557 498 3’
26 Hs.205428 AI753655 456 3’ 444 - 449 AATAAA(+)
27 Hs.205429 AI753683 133 3’
28 Hs.205430 AI754201 497 3’ 19 - 24 TTTATT
29 Hs.205342 AI754628 426 3’ 51 - 56 TTTATT
30 Hs.205433 AI754789 517 3’ 33 - 38 TTTATT
31 Hs.205434 AI755069 293 3’ 30 - 35 TTTATT
32 Hs.205781 AI753390 462 3’ 17 - 22 TTTATT
33 Hs.205782 AI753813 459 3’ 436 - 441 AATAAA(+)
34 Hs.205784 AI754692 474 3’ 36 - 41 TTTATT
35 Hs.205785 AI754944 183 3’ 36 - 41 TTTATT
36 Hs.206064 AI754534 444 3’ AATAAA(+)
37 Hs.228701 AA666138 315 3’ 289-294 AATAAA(+)
38 Hs.230929 AI754032 458 3’ 34-39 TTATT
39 Hs.236504 AI753241 392 3’
40 Hs.236505 AI754092 509 3’
41 Hs.236506 AI754163 462 3’
42 Hs.236508 AI755079 474 3’ 39-44 TTATT
43 Hs.241930 AW068972 441 3’
44 Hs.241931 AW069084 477 3’
45 Hs.241932 AW069546 301 3’
46 Hs.243236 AW069016 514 3’
47 Hs.243237 AW069415 335 3’ 42-47 TAATTT

Table 1 continued on next page
GENOMICS Vol. 79, Number 1, January 2002
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number, leading to decreased bone remodeling with a nega- Table 4 (see supplemental data) lists all the functional cat-

48 Hs.243238 AW069660 487 3’
49 Hs.243997 AW069073 459 3’
50 Hs.243998 AW069500 467 3’ 34-39 TTTATT
51 Hs.243999 AW069787 436 3’ 21-26 TTTATT
52 Hs.244767 AW069550 483 3’ 474-479 AATAAA(+)
53 Hs.245546 AW068467 484 3’ 42-47 TTTATT
54 Hs.246401 AW069657 468 3’
55 Hs.246402 AW069832 453 3’ 34-39 TTTAAT
56 Hs.246403 AW069867 460 3’ 47-52 TTTAAT
57 Hs.257593 AA669840 420 3’ 51-56 TTTAAT
58 Hs.259234 AW069762 297 3’ 37-42 TTTAAT
59 Hs.204931 AW069679 615 3’ 33-38 TTTATT

Novel ESTs found in HBMSC cDNA library with UniGene (Hs) ID and serial number, GenBank ID, length of EST read, read direction (39), and position and sequence of the 
poly(A) site on these ESTs.

TABLE 1: Continued

Clone Hs.ID GenBank ID EST read Seq. read PolyA_Sig PolyA_Seq (-)
number length (bp) direction position
tive bone balance and causing profound osteopenia [33].
We assessed the cellular function of the gene products for

1030 known gene sets found in the HBMSC cDNA library
based on the TIGR (The Institute for Genome Research,
Rockville, Maryland) gene cellular function directory, which
lists gene products according to the following functions: (1)
cell division, (2) cell signaling and communication, (3) cell
structure/motility, (4) cell/organism defense, (5) gene/pro-
tein synthesis, (6) metabolism, and (7) unclassified (Table 2).
Among the 30 most abundant genes were 13 genes (43.3%)
whose products serve a cell structure or motility function.
There were also 13 genes (43.3%) encoding cell signaling or
communication proteins. There were two genes (6.6%) related
to gene/protein expression and two genes (6.6%) that belong
to the unclassified gene group.

In addition to the highly expressed known genes in
HBMSC, certain other EST clusters not related to known
genes were also highly expressed. We refer to these as
unknown EST clusters. Table 3 lists the 14 most highly
expressed unknown EST clusters in HBMSC. The most highly
expressed EST cluster in HBMSC (identified with UniGene
cluster Hs. 40098) accounted for almost 0.6% of the total gene
transcripts. The second most highly expressed EST clusters
(UniGene Hs. 16869) accounted for 0.3% of total gene expres-
sion. Presumably, these ESTs represent genes that are critical
for growth and development as well as cell specificity of
HBMSC. Further characterization of these ESTs will give us
more detailed information about their functions and roles.
Among the unknown gene clusters are some with high
homology, but not complete identity, to known genes. For
example EST Hs. 196711 (UniGene ID) is highly similar to
human extracellular protein, whereas another EST, Hs. 198089
(UniGene ID), is highly similar to human lysyl hydroxylase
2. These ESTs may represent new members of previously
identified gene families (Table 3).
GENOMICS Vol. 79, Number 1, January 2002
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egorized known gene transcripts of HBMSC obtained from
the analysis of 4258 ESTs and sorted by cellular functional cat-
egory. A total of 1030 distinct sequences were identified, each
corresponding to a different transcript. Based on their cellu-
lar functions, we categorized 1030 distinct transcripts into
seven groups (see above). The categorized gene transcripts
were ordered according to the times (frequency) each tran-
script was found. Table 4 also shows the gene expression
level, the gene symbol (if assigned), the gene location (if
known), and the UniGene title of these known genes in
HBMSC.

New Members of the Known Genes
A major application of high-throughput EST sequencing
analysis is to explore families of related genes [28]. Through
BLAST searching of NCBI’s databases, we have found that
certain of the less highly expressed ESTs from the HBMSC
cDNA library also share high sequence similarity to known
genes. Table 5 shows that at least 20 single ESTs in this cDNA
library have high similarity to a variety of different known
genes or gene families. For example, among the extracellular
matrix proteins (cell structure or motility group), HBMSC
EST clone 5131547 is highly similar to the EGF-containing
fibulin-like extracellular protein (97% identity), whereas
HBMSC EST clone 5132794 is highly similar to a protein
expressed in fibroblasts of periodontal ligament (98% iden-
tity). Among the cell cycle progression proteins (cell division
group), HBMSC EST clone 5132949 is highly similar to the cell
cycle progression restoration-8 protein (93% identity). Among
the ADP-ribosylation factor-like binding proteins (gene and
protein expression group), HBMSC EST clone 5133421 is
highly similar to the ARF-like-2 binding protein BART1 (98%
identity). Among the hypothetical protein family (cell and
organism defense group), clone 1027353 is highly similar to
the yeast (Saccharomyces cerevisiae) hypothetical 54.2-kD 
erved.
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We also analyzed genes and
TABLE 3: Top 14 most highly expressed EST clusters in HBMSC cDNA library
Rank Stomal Expression UniGene ID Chomosome UniGene

clones level location title

1 24 0.59% Hs.40098 15 ESTs

2 12 0.30% Hs.16869 6 ESTs

3 11 0.27% Hs.155712 3 ESTs

4 9 0.22% Hs.41271 3 ESTs

5 9 0.22% Hs.216036 15 ESTs

6 8 0.20% Hs.25035 1 ESTs

7 7 0.17% Hs.14838 1 ESTs

8 6 0.15% Hs.87428 1 ESTs

9 6 0.15% Hs.9315 1 ESTs, weakly similar to  
pancortin-1 [M. musculus]

10 5 0.12% Hs.8687 5 ESTs

11 5 0.12% Hs.70823 8 ESTs

12 5 0.12% Hs.196711 2 ESTs, highly similar to extracellular 
protein [H. sapiens]

13 4 0.10% Hs.30343 3 ESTs

14 4 0.10% Hs.198089 3 ESTs, highly similar to lysyl 
hydroxylase isoform 2 [H. sapiens]

Columns 1–3 indicate rank, cluster number, and expression level. Columns 4–6 indicate UniGene ID, chromosome location, and
UniGene title. Three EST clusters share similarities to other known genes to different degrees (high similarity means two DNA
sequences with ≥ 90% identity; weakly similar means two DNA sequences with < 70% identity; moderately similar is in between).
protein in the CDC12-ORC6 intergenic region, whereas EST bined with other information

clones 1119758 and 1119800 are highly similar to the hypo-
thetical 67.6-kD protein ZK637.3 (Caenorhabditis elegans) and
the hypothetical 43.2-kD protein C34E10.13 (C. elegans),
respectively. Further analysis of these EST clones will facili-
tate recognition of the expression and function of the gene
products represented by these ESTs, because many of these
known genes have already been explored to define the pat-
tern of gene expression, protein biochemistry, and cellular
function of their products in human cells or other organisms.

Digital Gene Localization
Both STSs and ESTs can be used for mapping gene locations
[28]. To identify the gene location of the HBMSC ESTs, we did
BLAST searches against both NCBI’s STS database and the
high-throughput genomic sequence database (HTGS). This
analysis, which we call digital gene localization (DGL), can
determine the precise chromosomal location of an EST if an
exact match is made to a genomic sequence. We used the
NCBI network BLAST analysis with high-stringency param-
eters (> 100 bp long, 98% identity) for DGL. So far, from this
analysis, 34 unknown ESTs from the HBMSC cDNA library,
comprising 34 different genes, have been assigned to chro-
mosomal locations. Table 6 shows that these ESTs have been
located on 14 of the 23 human chromosome pairs. The DGL
analysis also predicts the gene structure, including
intron/exon junctions, of these genes.
GENOMICS Vol. 79, Number 1, January 2002
Copyright © 2002 by Academic Press. All rights of reproduction in any form reserved.
ESTs from HBMSC for their
chromosome location distribu-
tion. Table 7 shows all the genes
and ESTs with known chromo-
some location information from
the HBMSC cDNA library com-
pared with the whole UniGene
mapping data. This analysis
shows that the gene distribution
from HBMSC is quite similar to
the UniGene mapping 
distribution.

DISCUSSION

A rapidly accelerating amount of
information on expressed gene
sequences has been generated in
the past few years by researchers
in the genome community. As of
October 30, 2001, there are 6954
human cDNA libraries from 195
different organs, tissues, cells,
and cell lines in the NCBI
UniGene database. Partial and
complete sequences from clones
in these libraries have been com-
 in GenBank and dbEST to form
the UniGene collection of > 96,332 cDNA clusters, represent-
ing about 96,332 gene transcripts.

The high-throughput single-pass partial sequencing of
cDNAs to generate ESTs has proven to be a powerful and
successful way to assemble a profile of genes expressed in a
particular organism, tissue, or cell type [18–20,22–24,34].
Libraries of short cDNA fragments corresponding to the 39
or 59 end regions of the mRNA have offered advantages to
accelerate gene discovery and gene mapping.

The use of ESTs to produce transcript maps provides a
significant aid to positional cloning of genes involved in
human genetic diseases [21]. The ESTs generated in this study
currently are being used to create such a transcript map for
HBMSC that will provide a framework for identifying genes
involved in important skeletal and hematopoietic pheno-
types. Comparative EST analysis also provides a means for
identifying polymorphisms that may also be useful for
genetic mapping studies. HBMSC are pluripotent cells with
the potential to differentiate into different cell types, includ-
ing osteoblasts, chondrocytes, myelosupportive stroma, and
adipocytes. Our data serve as an important resource to facil-
itate further study of the relationship between gene expres-
sion and differentiated phenotypes of HBMSC.

In practical terms, the work reported here should benefit the
study of HBMSC in several ways. First, for the ESTs that are
found only in this cDNA library, it will be of interest to 
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determine their biological functions in the growth and devel- the second or third p

TABLE 7: Gene distribution of HBMSC on the human chromosomes based
on UniGene build #133, released April 20, 2001

Chromosome No. of UniGene No. of UniGene % of mapped % of mapped
clusters of clusters UniGene UniGene
stromal of all stroma all

1 199 2031 11.06% 9.93%

2 129 1492 7.17% 7.29%

3 142 1298 7.89% 6.34%

4 57 918 3.17% 4.49%

5 104 1005 5.78% 4.91%

6 92 1166 5.11% 5.70%

7 76 1037 4.22% 5.07%

8 67 784 3.72% 3.83%

9 66 865 3.67% 4.23%

10 81 870 4.50% 4.25%

11 112 1179 6.23% 5.76%

12 105 1105 5.84% 5.40%

13 44 431 2.45% 2.11%

14 59 683 3.28% 3.34%

15 68 699 3.78% 3.42%

16 47 660 2.61% 3.23%

17 80 994 4.45% 4.86%

18 24 354 1.33% 1.73%

19 81 986 4.50% 4.82%

20 46 479 2.56% 2.34%

21 20 246 1.11% 1.20%

22 42 470 2.33% 2.30%

X 57 686 3.17% 3.35%

Y 1 24 0.06% 0.12%

100.00% 100.00%

All genes and ESTs with a known chromosome location from the HBMSC cDNA library compared with the whole
UniGene mapping data. This analysis shows that gene distribution from HBMSC is quite similar to the UniGene
mapping distribution.
opment of HBMSC. Second, the ESTs from HBMSC can be used
to develop STSs and can be definitively mapped. Third, for
those interesting gene transcripts, such as new members of
known gene families, ESTs from HBMSC can be used to obtain
full-length cDNA clones by library screening or 5’ rapid ampli-
fication of cDNA ends [35]. Fourth, the gene expression profile
of HBMSC can be used as a reference for comparative gene
expression pattern studies with differentiated HBMSC and
skeletal-related cells. Fifth, by using gene cluster information, a
bone-enhanced cDNA microarray can be developed and used
to study gene expression in skeletal tissue at different stages of
growth and development in health and disease.
Copyright © 2002 by Academ
16
Although generation of ESTs and data file
analysis are the first steps to further under-
standing the gene expression and cellular
phenotype of HBMSC, the reagents and data
reported here can provide important and
useful information for the skeletal research
community. All sequenced EST clones from
the HBMSC cDNA library are already avail-
able to the public. Researchers interested in
any of these EST clones may obtain them by
contacting us or through Research Genetics.
An SGAP web site, which includes bone
cDNA library information and data analysis
as well as a bone-related gene database, is
available at http://sgd.nia.nih.gov/. In con-
junction with genome-wide EST mapping
projects [36] and CGAP [16] as well as
genomic sequencing, our studies should
accelerate the process of gene discovery and
functional genomic analysis of skeletal
growth and development in health and dis-
ease and enable a greater understanding of
the pathophysiology of skeletal disorders.

Supplementary data for this article are available
on IDEAL (http://www.idealibrary.com).

MATERIALS AND METHODS

Construction of HBMSC cDNA library. To maximize the
gene representation of the cDNA library for purposes of
gene discovery and gene expression profiling, we selected
mixed cells derived from three donors (32-year-old black
female, 35-year-old black male, and 43-year-old white
male). Cell lines from HBMSC derived from normal vol-
unteer donors under Institutional Review Board (IRB)
approved guidelines (94-D-0186) were established accord-
ing to a previously published method [9]. HBMSC prepa-
rations from aspirate and surgical specimens were passed
consecutively through 16- and 20-gauge needles to break
up cell aggregates for obtaining single cell suspensions.
After primary culture, HBMSC cultures with large num-
bers of colonies were combined. Later passages were per-
formed when cells were approaching confluence. For RNA
isolation, we used multicolony-derived HBMSC strains at
assage. The cDNA library was constructed in lambda ZapII
d total RNA was isolated from primary cultures of HBMSC
(Stratagene). Extracte

by the CsCl gradient centrifugation procedure [37], and poly(A)+ mRNA was
obtained by affinity chromatography on an oligo(dT)-cellulose column (5 Primer
& 3 Primer, Inc.). We used about 10 mg poly(A)+ to construct a lambda ZapII
library (custom library section of Stratagene Cloning Systems). Double-stranded
cDNA was cloned into EcoRI/XhoI restriction sites of lambda ZapII. pBluescript
SK+ phagemids were obtained by en masse in vivo excision of lambda Zap clones
[38] by coinfecting E. coli XL-1Blue cells with the ExAssist helper phage
(Stratagene). The excised phagemids were used to infect E. coli SOLR cells
(Stratagene) for production of double-stranded DNA templates. Transformants
were plated onto LB agar containing ampicillin (100 mg/mL).

DNA sequencing. We isolated plasmid DNA for sequencing in a 96-well con-
figuration as described elsewhere (http://genome.wustl.edu/gsc/
Protocols/pucprep.shtml). Fluorescent sequencing was done with one-quarter
GENOMICS Vol. 79, Number 1, January 2002
ic Press. All rights of reproduction in any form reserved.
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strength BigDye terminator chemistry (Perkin Elmer/Applied Biosystems, marrow stromal fibroblast colony formation in vitro. Br. J. Haematol. 97: 561–570.
Foster City, CA) and Tetrad thermal cyclers (MJ Research, Waltham, MA)
according to the manufacturer’s recommendations. Sequencing reactions were
analyzed on ABI Prism 377xl automated DNA sequencing instruments (Perkin
Elmer/Applied Biosystems, Foster City, CA). The 39 end of cDNA clones were
sequenced with the universal -21M13 forward primer (59-TGTAAAAC-
GACGGCCAGT-39). The 59 end of cDNA clones were sequenced with the uni-
versal M13RP1 reverse primer (59-CAGGAAACAGCTATGACC-39).

DNA sequence data analysis. A total of 4258 EST sequences from the HBMSC
cDNA library were analyzed; 2550 EST sequences were sequenced by NISC,
and 1708 EST sequences were sequenced at Washington University as part of
the Merck/Washington University EST sequencing project [28]. The sequenc-
ing data from Merck/Washington University were extracted from daily dbEST
FASTA (Fast All, a computer format) updates. The sequences were inserted into
a relational database. Automated processes were developed and used for var-
ious sequence analyses. Using the BLAST network client to access BLAST [39]
at the NCBI, we obtained BLASTN (BLAST nucleotide) results for each
sequence against both the nonredundant nucleotide and dbEST databases. The
homology results were parsed using the BTAB (BLAST Tabulator) program and
inserted into the relational database. Cross-reference tables for mapping all
dbEST sequence identifiers to clone IDs and library IDs and mapping of
sequence identifiers to UniGene clusters are maintained in the database. This
allows simple SQL (structure quarry language) procedures to generate profiles
of clones based on libraries of hits to other dbEST sequences as well as UniGene
clustering [40].
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